A combination of site-directed and random mutagenesis generated sequence variants of a plastidial lysophosphatidic acid acyltransferase. Alanine substitutions of residues present within two conserved motifs including the putative catalytic histidine resulted in a loss of acyltransferase activity assessed as complementation competance. Substitutions at five sites within the central core resulted in reduced or loss of activity. Truncation mutants reveal that sequences in the C-terminal moiety are essential for function.
Introduction
As a consequence of a strong variation in substrate preference, isozymes of lysophosphatidic acid acyltransferase (LPAAT, EC 2.3.1.51) located in organellar and cytoplasmic compartments play an important role in determining the acyl composition of phosphatidic acid, a key intermediate in the biosynthesis of membrane and storage lipids [l] . In oilseeds that accumulate unusual fatty acids additional isoforms of the microsomal LPAAT exhibit variation in substrate preference and selectivity and thus play a crucial role in determining triacylglycerol composition. Phylogenetic sequence alignments reveal the existence of two classes of plant LPAATs; class A, containing ubiquitously expressed eukaryotic enzymes, and class B, containing the prokaryotic types and the plastidial enzyme, together with microsomal isoforms expressed only in the seeds of plants that
Key words protein engineenng Abbreviation used LPAAT. lysophosphatldlc acld acyltransferase 'To whom correspondence should be addressed (e-mail roscoe (duniv-pep fr) accumulate unusual fatty acids [2] . We have isolated genes encoding microsomal and plastidial LPAATs (Bourgis et al. [3] ) and we are attempting to determine the structural domains that confer acyltransferase activity and substrate specificities. We describe here the use of a combination of site-directed and random mutagenesis to identify residues essential for function of the plastidial LPAAT.
Materials and methods

Site-directed mutagenesis
This was performed via PCR with a plasmid DNA containing the Brassica napus cDNA BAT2 encoding a plastidial LPAAT (accession number A1 11 161) as template using the following oligonucleotides (5' -+ 3' direction): BAT215, TAC-
GTTTCGAACGCCCAAAGCAGCTTTC-
T h e PCR followed by digestion of the parental template with DpnI was performed according to the supplier's (Quik-change, Stratagene) conditions. T h e modified plasmid was trans- 
Random mutagenesis
T h e plasmid D N A containing the cDNA BAT2 encoding a plastidial LPAAT was transformed into the E. coli XL-1 red mutator strain (Stratagene), plated on to LB agar plates and grown for 36 h at 37 "C. Individual colonies were inoculated into LB medium containing ampicillin and shaken for 16-24 h at 37 "C. Plasmid DNA was isolated from these cultures and the D N A was used to transform JC201. T h e plates were incubated at 30 "C and replicas made after 16 h of growth.
Analysis of mutant phenotype by complementation of JC20 I
Replica colonies were examined visually for absence of growth or altered growth rates at 42 OC. Candidate clones were inoculated into LB ampicillin medium grown to a D,,, of 0.04 at 30 "C. At this D value 1 m M isopropyl a-D-thiogalactoside was added and the cultures transferred to 42 "C.
T h e D,,, was determined at hourly intervals and compared with a BAT2-transformed JC201 control culture. BAT2 DNA was sequenced as described previously [3] to determine the presence of mutations.
Results
Site-directed mutagenesis was used to introduce substitution mutations at specific sites within two conserved motifs in the plastidial LPAAT. Motif 1 contains invariant histidine and aspartic acid residues in a H[X4]D configuration where X represents any amino acid. We determined the ability of the variant sequences to complement the deficiency of LPAAT activity that is characteristic of the JC201 strain [4] . T h e efficiency of complementation was assessed as the restoration of growth at the non-permissive temperature of 42 "C compared with that of the plastidial LPAAT. T h e JC201 culture transformed with the wild-type sequence showed typical sigmoid growth characteristics at 42 "C (Figure 1 ). In contrast, the H194A and the D199A mutants failed to grow beyond 0.04 D,,, after transfer to the non-permisive temperature (Table 1 and Figure 1 ). These data indicate that H194 and D199 are essential for the ability of the plastidial LPAAT to complement the defective acyltransferase activity of JC201. Motif 2 comprises a sequence PEGTRS, conserved among all LPAATs. Using site-directed mutagenesis the invariant glutamic acid residue was substituted with alanine, E266A. T h e plastidial LPAAT containing this mutation (MD3) was unable to complement the temperature-sensitive phenotype of JC201 (Figure l ) , indicating an essential role for this acidic residue.
A mutator strain of E. coli was used to incorporate random mutations into the plastidial LPAAT sequence. T h e mutagenized plasmid DNA was tested for its ability to complement the LPAAT-deficient strain JC201. Table 1 shows 1 1 sequence variants that were created, of which five were single-base insertions, including a double mutant which also contained a single-base deletion, and six point mutations that resulted in amino acid substitions. T h e insertion/deletion mutants resulted in truncated proteins, all of which were unable to restore growth to JC201. T h e non-conservative substitutions at K84Q and R92G were associated with a greatly impaired growth rate, possibly indicating an importance of the N-terminus of the mature protein in determining LPAAT activity. T h e conservative substitution at G140S and non-conservative substitutions at P187L, L203P and C247Y were associated with a loss of the ability of the plastidial enzyme to restore growth to JC201 and suggest that these residues are essential for LPAAT activity. T o verify that the phenotype was associated with the LPAAT sequence only and was not a consequence of altered expression levels from the plasmid we recloned the each variant LPAAT into a native vector. T h e results in vivo were verified by assays of LPAAT activity performed with membranes isolated from these mutants and revealed an activity similar to that present in the JC201 membranes (results not shown). 
Discussion
BLAST alignments revealed the presence of a relatively well conserved central domain of 120 residues in prokaryotic-type LPAAT sequences. Within this central core, two motifs are present which are conserved among all LPAATs. Motif 1 contains invariant histidine and aspartic acid residues in a HX4D configuration. Substitution of these residues by alanine resulted in an loss of LPAAT activity, a result in accord with mutagenesis performed on the E. coli glycerol-3-phosphate acyltransferase (PlsB) and 2-acyl glycerophosphoethanolamine acyltransferase. It has been proposed that the conserved histidine may function in catalysis, acting as a general base to abstract a proton from the hydroxy group of the acyl acceptor to facilitate a nucleophilic attack on the thioester of the acyl donor [5, 6] . T h e aspartic acid residue may function to increase the nucleophilicity of the acyl-acceptor hydroxy group [5] , and/or may also play a structural role, since the PlsB mutant is unable to assemble into the membrane in vivo. Motif 2 contains an invariant glutamic acid residue in a P E G T R S configuration in all LPAATs. Substitution of glutamic acid with alanine led to a loss of LPAAT activity but it is not clear whether this aspartic acid is important for catalysis and/or structure.
T h e use of a mutator strain to introduce random mutations into the plastidial LPAAT allowed the isolation of ten mutants. T h e insertion/deletion mutants produced frameshifts and resulted in truncated proteins, the most Nterminal of which was I225 (mutl.5) and the most C-terminal of which was R276 (mutl.4). None of these truncated proteins were active, as assessed by the ability to restore growth to JC201 at 42 "C.
This indicates that the sequence C-terminal to motif 2 contains residues essential for structure and/or catalytic activity. T h e amino acid substitution mutants mutl.15 (R92G) and mut2.16 (K84Q) are located close to the presumed N-terminus of the mature protein.
T h e strong reduction of LPAAT activity in these mutants may indicate that the N-terminal extremity is required for optimal activity. T h e presence of an unprocessed N-terminal plastid-targeting signal does not seem to affect the activity of the LPAAT in bacterial membranes since BAT2 and other mutants retain substantial activity. T h e lack of activity in the mut1.24, a G140S substitution that increases polarity, located in the first transmembrane-spanning domain, illustrates the important structural role played by glycine. T h e mutants mut2.14 (P187L) and mut3.37 (L203P) are non-conservative substitutions potentially capable of changing protein structure, located close to motif 1 containing a presumed active-site histidine.
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In addition to the identification of residues essential for LPAAT activity, other mutations that resulted in amino acid substitutions in the LPAAT were associated with a greater growth rate or a slower growth rate compared with the wild-type enzyme (results not shown). We anticipate that characterization of such LPAAT variants will contribute to an understanding of structure and function relationships of LPAATs and aid our efforts to engineer LPAATs with altered catalytic parameters and possessing desired substrate preferences.
